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Abstract. Nitrate input to a river is largely controlled by land
use in its catchment. We compared the information carried
by the isotopic signatures of nitrate in 12 Baltic rivers, in re-
lation to the vegetation cover, land use, and fertilization of
agricultural land of their catchments. We found isotope val-
uesinnitraterangingfrom−2to14‰forδ15Nand8to25‰
for δ18O. The annual variability of riverine nitrate isotope
signatures is presented in detail for one Nordic, the Kemi-
joki, and two southern rivers, the Vistula and Oder. Nordic
rivers with relatively pristine vegetation in their catchments
show not only low δ15N values and high δ18O-NO−
3 but also
lower annual variability than rivers draining densely popu-
lated land. Seasonal signals were found in all the rivers. We
used load weighted nitrate isotope data and data from the
three major N sources (farmland/sewage, atmospheric depo-
sition and from runoff of pristine soils) to theoretically es-
timate the shares of nitrate from these sources. The results
of an isotope mixing model (IMM-1) agree reasonably well
with the same estimates for agricultural land derived from a
Global Land Cover (GLC) data base, with a deviation vary-
ing from −16% to +26%. The comparison with an emis-
sion model (EM) reveals relatively good agreements for in-
tensively used catchments (−18 to +18% deviation). Rather
unsatisfactory agreement was found between the IMM-1 and
GLC calculations for pristine catchments (−36 to +50% de-
viation). Advantages and limitations of the tested model are
discussed.
Correspondence to: M. Voss
(maren.voss@io-warnemuende.de)
1 Introduction
Humans create reactive N at rates that now exceed the natural
conversion of atmospheric N2 into combined N (Galloway
et al., 1995). Most of this anthropogenic combined nitro-
gen is used as fertilizer for human food production and much
is unintentionally widely distributed by uncontrolled hydro-
logic and atmospheric transport (Howarth et al., 1996). In
humid climates a considerable fraction of the N surplus from
ﬁelds and meadows ends up in rivers. A study of 16 different
watersheds along the east coast of the United States showed
high variability in nitrogen sources and the proportion ex-
ported (Boyer et al., 2002). A large but not well constrained
share of that nitrogen (37–76% N) is lost in passage to the sea
(Seitzinger et al., 2002) and many coastal areas suffer under
the riverine nitrogen load (Galloway and Cowling, 2002).
The nitrogen export as a function of land use can best
be studied in well-described catchments like those of the
Baltic Sea, a shallow, intra-continental, brackish sea with
an area of 400000km2 and a four times larger drainage
basin. Baltic rivers have a combined mean fresh water in-
ﬂow of 15400m3 s−1 (HELCOM, 2002), resulting in salin-
ities around 2 in the northernmost Gulf of Bothnia and still
only 7–8 in surface waters of the Baltic Proper, where anoxic
conditionsbelowthemarkedhaloclineat60–80mdepthgen-
erally favour phosphate release from sediments. A rapid in-
crease in nitrate concentrations in the central Baltic Sea in
the 1970s has been attributed to river nitrogen loading, since
catchment fertilizer usage increased drastically in this period
(Larsson et al., 1985; Nausch et al., 1999). Recent stud-
ies have challenged this view and suggest that much of the
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river N-load is sequestered and denitriﬁed already near the
coast (Voss et al., 2005). But there is still no doubt that
the low winter N/P-ratios found in the Baltic Proper favour
high combined nitrogen inputs via nitrogen ﬁxing organisms
(Elmgren, 2001).
Eutrophication is a major environmental issue in the Baltic
Proper, and particularly in its coastal regions, where most
of the total nitrogen input is from rivers (Elmgren, 2001).
St˚ alnacke (1999) estimated the input of nitrate from the ﬁve
largest rivers, Vistula, Daugava, Oder, Neva, and Nemunas,
for the period 1983–1999 to 183ktyr−1 of nitrogen, about
half of the total annual riverine nitrate delivery to the Baltic.
These rivers enter the Baltic Sea in the south and east, and
– except for Neva – all drain densely populated agricultural
areas. A relationship between fertilizer use in the catchments
and the river load supports this conclusion (Nausch et al.,
1999). Agriculture is thus a major source of riverine nitrate,
to which is added sewage from urban areas and industries
(e.g. paper industries). Atmospheric deposition is the second
largest diffuse nitrate source for the Baltic Sea and it is less
well constrained than the river load (Granat, 2001; Grimvall
and St˚ alnacke, 2001).
The stable isotope signatures of nitrogen (δ15N-NO−
3 ) and
oxygen (δ18O-NO−
3 ) have been used successfully in the past
to attribute nitrate in river water to speciﬁc sources. For in-
stance, nitrate in streams during early snowmelt was shown
to originate from pre-melt periods and not from the nitrate
deposited in winter (Kendall, 1998; Kendall et al., 1995). A
comparison of 16 watersheds in the U.S. corroborated the
hypothesis that the isotopic signature of nitrate differs be-
tween forested catchments and agricultural land (Mayer et
al., 2002). The reasons for such differences in N and O-
isotope ratios in nitrate are both the ultimate sources of N and
O, and kinetic fractionation processes which tend to parti-
tion light isotopes (14N and 16O) from heavier ones (15N and
18O, Kendall, 1998; Mariotti et al., 1984). Nitrate produced
by the Haber-Bosch-process has isotope ratios close to atmo-
sphericvaluesforbothN(0‰)andO(23.5‰,Ambergerand
Schmidt, 1987). When soil organic matter is degraded and
nitriﬁed, the resulting nitrate δ15N decreases, while the δ18O
value depends on the source of water (Mayer et al., 2001).
Denitriﬁcation generally leads to isotope values increasing at
a 2:1 ratio for δ15N and δ18O values, but deviations from this
ratio due to temperature variability and substrate concentra-
tion have been observed (B¨ ottcher et al., 1990). If substrate
limitation leads to total conversion of nitrate to dinitrogen
gas there is no apparent fractionation (Brandes and Devol,
1997). The highest δ18O values are found in nitrate from at-
mospheric deposition (Kendall, 1998; Kendall et al., 1995),
while the highest δ15N values have been measured in manure
and septic tanks, where 14N is preferentially lost via ammo-
nia volatilisation (Heaton, 1986). The ranges of isotope val-
ues for different sources tend to overlap, but even then mea-
surements of both stable isotope pairs can often give a unique
characterization of nitrate from different sources (Kendall,
1998).
The Baltic Sea catchment is especially suitable for com-
paring nitrate sources in rivers, since northern rivers drain
near-pristine catchments, while southern ones have densely
populated watersheds with much agriculture. The present
study was presented at the Conference on “Signiﬁcant Pro-
cesses, ObservationsandTransformationofOceanNitrogen”
(SPOT-ON) as an example of human inﬂuence on the catch-
ment scale. We use dual-isotope data for nitrate as a tool
for determining nitrate sources in river systems, while also
evaluating seasonal changes in isotopic values. Additionally,
nitrate source attributions by isotope mixing models and an
emission model are tested. We demonstrate the basic feasi-
bility and practical limitations of such studies for the char-
acterization of catchments, and establish rough relationships
between land use and isotopic signatures.
2 Material and methods
2.1 River sampling and isotopic analysis
River water was sampled monthly for 2 years (July 2000
to June 2002), except biweekly in the Vistula and Oder,
and approximately bimonthly in the Neva. Samples were
taken with a bucket at the ofﬁcial HELCOM river monitor-
ing sites, which are located some 20–30km upstream of the
river mouth (100km in the Oder). Water samples were pro-
cessed in the laboratory within hours of sampling. Nitrate,
nitrite, ammonia, and phosphate were measured following
standard protocols (Grasshoff et al., 1983), while total nitro-
gen and phosphorus were determined through simultaneous
persulphate oxidation of N and P (UNESCO, 1983). Not all
variables were always measured for all rivers (Table 1). A
water sample of 0.5–1L was ﬁltered through precombusted
GF/F ﬁlters, which were then dried, and the ﬁltrate for δ15N-
NO−
3 analysis was preserved with 1ml of concentrated HCl.
Also, 0.5–6.0L was ﬁltered through 0.45µm membrane ﬁl-
ters, transferred to a cation exchange resin (5ml AG 50W-
X4, H+-form; Biorad), followed by collection of at least
60µmol nitrate on an anion exchange resin (2ml AG1-X8,
Cl−-form; Biorad), accordingtoSilvaetal.(2000). Theresin
columns were stored cool during transport or in a refrigera-
tor in the laboratory until further preparation at the Univer-
sity of Bochum, where the samples were eluted from the an-
ion exchange resin with 15ml 3M HCl. Then a solution of
BaCl2·2 H2O (10%) was added to remove SO2−
4 and PO3−
4 ,
precipitated BaSO4 and Ba3(PO4)2 being removed by ﬁltra-
tion (0.45µm membrane ﬁlter, cellulose-acetate), and the ﬁl-
trate passed through a cation exchange resin (5ml AG 50W-
X4, H+-form; Biorad) to eliminate the excess Ba2+. The ﬁl-
trate was neutralized with approximately 7g Ag2O to a pH of
5.5–6, precipitated AgCl and remaining Ag2O was removed
by ﬁltration (0.45µm membrane ﬁlter, cellulose-acetate),
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Table 1. Variables measured during the two years of sampling, and used in the PCA analysis. The numbers are the numbers of samples
analysed. n.a.= not available.
Variable Peene Oder Vistula Neva Paimion-joki Kokemaen-joki Kemi-joki
NO−
3 52 47 48 15* 38* 23* 24*
NO−
2 52 47 48 n.a. n.a. n.a. n.a.
NH+
4 52 47 46 15 30 22 24
Ntot 43 46 48 15 33 22 25
PO3−
4 52 46 48 15 31 23 25
Ptot 43 46 48 15 38 22 25
DSi 4 47 48 n.a. n.a. 7 25
PON 30 47 48 10 19 22 21
POC 9 47 48 10 19 22 21
δ15N-PON 26 47 47 15 21 22 21
δ13C-POC 9 46 47 15 21 22 21
δ15N-NO−
3 * 26 47 48 15 24 23 19
δ18O-NO−
3 21 42 44 9 23 20 14
ﬂow rate 25 24 24 14 25 25 25
* Includes nitrite, which is at most a few percent.
and the solution freeze-dried. Ten mg of the solid AgNO3
were weighed into quartz tubes together with 2mg of ﬁnely
ground pure graphite. Forδ18O analyses the tubes were evac-
uated and sealed with a torch. The samples were combusted
in a furnace at 850◦C for about 1h and cooled down slowly
to room temperature. The resulting CO2 was extracted cryo-
genically at a vacuum distillation line. The δ18O analysis
was carried out with a Thermo Delta S mass spectrometer.
The δ18O-NO−
3 values are given in per mil (‰) relative to
Vienna standard mean ocean water (VSMOW) deﬁned as
0‰. International reference materials were IAEA-N3 and
IAEA-C-3 where we measured a δ18O value of 25.1±0.6‰
and 32.2±0.2‰, respectively. Precision of the measurement
was veriﬁed by repeated analysis of an internal laboratory
standard (AgNO3) with a standard deviation of 1σ=0.38‰
(n=80).
Nitrate-δ15N analyses were carried out with the diffusion
method of Sigman et al. (1997). The acidic ﬁltrate sam-
ples were brought to a pH of 10–11 with NaOH and MgO
and brieﬂy boiled to remove traces of ammonium from the
sample. After 10 days of incubation of the basic solution
in an oven (5 days at 60◦C) and on a shaker table (5 days
at 40◦C) the acidiﬁed ﬁlter sandwiched between two Teﬂon
membraneswasremovedfromtheincubationﬂaskanddried.
Repeated standards from a nitrate solution showed a stan-
dard variation of 1σ=0.5‰ (n=70). All δ15N-NO−
3 samples
were analysed in duplicates and a mean value taken. If the
standard variation was >0.5‰ repeated analyses were per-
formed. The GF/F ﬁlters from δ15N-NO−
3 analyses and the
POC/PON ﬁltration were wrapped in tin cups and combusted
in an elemental analyser (Thermo 1108) before the gas was
measured in a Finnigan Delta S or Delta plus. The calibration
substance for the PON and POC analysis was acetanilide.
Standard gases were high purity N2 and CO2 gases from 50L
cylinders calibrated against IAEA standard substances N1
(0.4‰), N2 (−20.3‰), and N3 (4.7‰) for nitrogen, NBS-
22 (−29.7‰) and IAEA-CH6 (−10.8‰) for CO2. As a lab-
internal standard a protein, peptone (Merck), was run after
every ﬁfth sample (δ15N 4.5‰). Values are conventionally
given in ‰ deviation from the standards which were air N2
for nitrogen from PON and NO−
3 and V-PDB for CO2 from
POC combustion.
The Swedish rivers were analysed for the isotopic compo-
sition of total nitrogen only, since nitrate concentrations were
usually too low for nitrate δ15N measurements (<3µM). A
500ml sample of surface water was immediately frozen and
transported to the lab. After thawing 300ml were ﬁltered
under pressure through a 25mm Whatman GF/F glass-ﬁbre
ﬁlter (precombusted 4h at 400◦C). The ﬁlters were dried for
24h at 60◦C in glass vessels. The ﬁltrate was reduced to
∼5ml at 50◦C in a vacuum rotavapor (Laborota 4000), and
freeze dried onto a 25mm Whatman GF/F glass-ﬁbre ﬁlter
(precombusted 4h at 400◦C). During freeze-drying all liq-
uid containing the dissolved N is trapped on the glass ﬁbres.
Filters were wrapped in ethanol-washed aluminium foil and
stored in air-tight plastic containers before being analysed as
described above for POC/PON ﬁlters.
2.2 Determinations of vegetation cover in catchments and
the calculation of N-emissions
Calculations of percentage land cover for each drainage
area used ARC VIEW® 8.1 and data from the Global
Land Cover (GLC) 2000 database (European Commis-
sion, Joint Research Centre, 2003; http://www-gem.jrc.it/
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glc2000). Drainage basin boundaries were also obtained
from the Join Research Centre.
The atmospheric N deposition (wet and dry; reduced
and oxidized N forms) used was obtained from the UN-
ECE/EMEP emission database, which provides annual N de-
position over the Baltic Sea catchment on a sub-catchment
scale from 1980 onwards (http://www.mare.su.se/nest/).
N-emissions within the various river catchments from
sewage, manure, and mineral fertilizers, each having char-
acteristic N isotope values, were calculated to compare their
shareswiththeobservedisotopicvaluesmeasuredattheriver
mouths. N emissions from sewage were calculated from the
total population living in a watershed and the connectedness
of the total population to primary, secondary and tertiary
treatment (EUROSTAT). We assumed that N emissions per
capita are 3.9kgyr−1 (Johnes et al., 1996) and reductions in
primary, secondary and tertiary treatment is 10%, 25% and
75%, respectively. N emissions from manure were estimated
from livestock data of pigs and cattle in a watershed. N emis-
sions per diary cows ranged between 50–100kg N yr−1 as
a function of milk production; emissions from other cattle,
sows and slaughter pigs were estimated as 34, 22, and 9kg
N yr−1, respectively (Claesson and Steineck, 1991). Emis-
sions from mineral fertilizers were taken from FAO statistics
(FAOSTAT, 2005), whereas total amounts used per water-
shed were calculated using Geographical Information Sys-
tems (GIS) data on total hectares of arable land that were
multiplied by the national average of mineral fertilizer used
per hectare in a respective country.
2.3 River ﬂow rate and load calculation
Flow rates of the Polish, German, and Finnish rivers were
measured continuously at the locations of the hydrologi-
cal stations (HELCOM, 2004), and the annual and monthly
runoffs were calculated using WMO guidelines (World Me-
teorological Organization, 1994).
Monthly ﬂow rates (given in m3 s−1) were multiplied by
the respective concentrations. Annual isotopic data were
weighted with the loads, after the formula:
δ15Nwml=
P
i
δ15Ni × concNi × ﬂowi
P
i
concNi × ﬂowi
Where δ15Nwml is the load weighted annual isotope value,
δ15Ni the isotope value for a certain month, conc. Ni is the
concentration in µmol and ﬂowi the ﬂow in m3 month−1.
2.4 Isotope mixing models (IMM) and statistics
For the mixing model calculation we had to restrict our-
selves to three sources because nitrate contains only two
pairs of stable isotopes. Additional isotope pairs would
have been necessary for a ﬁner resolution. The source at-
tribution of the riverine nitrate was made with the Phillips
and Koch (2002) isotope mixing program, available at http:
//www.epa.gov/wed/pages/models.htm. The basic formulas
are:
δ15NR = fFδ15NF + fP δ15NP + fA δ15NA
δ18OR = fFδ18OF + fP δ18OP + fA δ18OA
1 = fF + fP + fA,
where δ15N and δ18O are the nitrate isotope values from
the rivers (R), and the three sources for IMM-1, farm-
land/agricultural land (F), pristine soils (P), and atmo-
spheric deposition (A), while for IMM-2 the sources were
sewage/manure (F), mineral fertilizer (P) and atmospheric
deposition (A). The sum of all three sources is assumed to
be 100%.
Isotopic source data for farmland/agricultural land, and
pristine soils for our IMM-1 calculation were taken from a
similar study in the German Warnow River (Deutsch et al.,
2006) except that for atmospheric deposition in the north
(the Kemijoki) we used the data from Burns and Kendall
(2002, Table 2). In the IMM-1 calculation we thus distin-
guish nitrate from agricultural land, from pristine soil runoff,
and from atmospheric deposition. The emission model (EM)
distinguishes between nitrate from mineral fertilizers and ni-
trate from sewage/manure. The sewage/manure nitrate can
either come from organic fertilization of ﬁelds or from septic
tanks of private households. We tried to verify the informa-
tion from the EM and IMM-1 model by means of a second
IMM run (IMM-2, end members in Table 2). Since urea-
and ammonia- fertilizers also contribute to the nitrate pool
in the soils we decided to use the isotope values from soils
fertilized with mineral fertilizers (Amberger and Schmidt,
1987) and not the isotope values from NO−
3 manufactured
by the Haber-Bosch process. Since the differentiation be-
tween nitrates from mineral fertilizers and sewage/manure is
only meaningful for the rivers with a high share of N from
agricultural runoff (and sewage/manure input) we selected
the rivers Vistula, Oder, Peene and Paimionjoki for this new
calculation. Atmospheric deposition was also included in the
IMM-2, but pristine sources of nitrate were neglected.
A principal component analysis (PCA) based on a corre-
lation matrix including all monthly mean variables was car-
ried out with Statistica® (vers. 6). The number of available
data is given in Table 1. This excluded the Swedish rivers,
for which we had no component-speciﬁc isotope data. The
included rivers were characterised according to their biogeo-
chemical similarity. An ANOVA with the variables from Ta-
ble 1 was carried out on the web page: http://www.physics.
csbsju.edu/stats/anova.html to group rivers additionally ac-
cording to single variables.
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Table 2. Characteristic end member isotope values used in calculations with the isotope mixing models. Values for nitrate from atmospheric
deposition in the Kemijoki catchments given in brackets.
Isotope mixing model -1
NO−
3 from agricultural
land
NO−
3 from pristine soils NO−
3 from atmospheric depo-
sition
δ15N (‰) 11.4(1) 0.6(1) 0.1(1) (-0.2(2))
δ18O (‰) 5.3(1) 1.4(1) 51.7(1) (53.1(2))
Isotope mixing model -2
NO−
3 from a ﬁeld after
mineral fertilization
NO−
3 from sewage/ manure NO−
3 from atmospheric depo-
sition
δ15N (‰) 5.0(3) 10.0(4) 0.1(1) (−0.2(2))
δ18O (‰) 6.3(3) 3.5(4) 51.7(1) (53.1(2))
(1)Deutsch et al. (2006)
(2)Burns and Kendall (2002)
(3)Amberger and Schmidt (1987)
(4)Aravena et al. (1993)
Table 3. Summary characteristics of the twelve rivers and their catchments, n.a. = not available, Lule-, Kalix-, Torne-, Dal- and
˚ Angerman¨ alven are Swedish rivers, Kemi-, Kokem¨ aen- and Paimionjoki are Finnish, Neva Russian, Vistula is Polish, Oder is Polish/German
and Peene is German. The loads are calculated from the monthly discharge multiplied with the monthly mean concentration.
load weighted data
Rivers Catchment Pop. forests agricult. and Runoff DIN DIP δ15N-NO−
3 δ18O-NO−
3 DIN/DIP Atm.dep.
area (km2) Density (%) artiﬁcial (%) (*106 m3 (µmoll−1) (µmoll−1) (‰) (‰) (weight (kg N km−2
(km−2) yr−1) ratio) yr−1)
Lule ¨ Alv 24934 1 62.43 1.02 16745 3.20 0.08 2.5* n.a. 18.44 164.6
Kalix ¨ Alv 17674 2 72.14 1.36 9951 5.90 0.12 2.6* n.a. 22.03 187.8
Torne ¨ Alv 39613 2 73.21 1.32 13481 3.66 0.14 2.8* n.a. 12.15 155.5
Dal¨ alven 28873 9 86.12 5.44 11911 10.48 0.10 3.1* n.a. 48.56 526.8
˚ Angerman¨ alven 31421 2 85.40 2.78 16910 4.34 0.07 2.3* n.a. 29.07 255.3
Vistula 192899 121 33.16 65.54 33637 174.29 3.79 7.3 12.3 20.76 1117.4
Oder 117589 138 32.61 66.06 16872 216.45 4.40 8.3 13.4 22.22 1694.5
Peene 4944 61 17.00 81.00 582 n.a. n.a. 7.1 13.0 58.76 n.a.
Paimionjoki 1145 19 56.49 42.14 278 141.91 4.42 6.7 13.3 14.49 692.4
Kokenm¨ aenjoki 26667 30 78.66 10.85 8078 50.05 0.85 5.5 15.5 26.74 590.8
Kemijoki 50918 2 83.63 3.30 18542 5.68 0.23 −0.1 19.5 11.01 207.2
Neva 285835 23 67.70 15.12 79665 23.56 0.29 2.4 20.9 36.25 442.8
* δ15N of total nitrogen, since concentration of nitrate+nitrite was too low.
3 Results
3.1 Sites description – differences between catchments
The catchment of the Baltic Sea stretches from 68◦ N to
49.5◦ N and thus covers a wide span of climatic condi-
tions from subarctic to temperate (Fig. 1). The Baltic
Sea sub-catchments studied here vary in area from almost
300000km2 for the Neva to 1100 for the Paimionjoki (Ta-
ble 3). Accordingly, we ﬁnd a wide range of natural vari-
ability in vegetation cover, land use and population density
(Table 3). The nitrogen deposition in the precipitation of
the catchments correlates well with the population density
(n=11, r2=0.897, p<0.001), varying from 200kg N km−2
yr−1in the Kemijoki catchments with just 2 individuals km−2
to almost 1700kg N km−2 yr−1 in the Oder River catch-
ments with mean population of 138 individuals km−2 (Ta-
ble 3). Today the southern catchments have much less forests
than the northern ones, although deforestation over the past
40–50 years almost ceased. The Peene catchment has only
17% forests left, while the Swedish watersheds, the Finnish
Kemjoki river catchment and part of the Neva catchments
have largely kept their original vegetation and still have up
to 86% forests (Table 3). However, Kemijoki is highly
fragmented by damming (http://earthtrends.wri.org/) like the
Swedish rivers Lule ¨ Alv and ˚ Angerman¨ alven (Humborg et
al., 2002). Flow-weighted winter NO−
3 concentrations vary
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Fig. 1. The Baltic Sea and its catchments, with investigated rivers
in black and numbered 1 to 12.
from 10 and 27µmoll−1 in Kemijoki and Neva, respectively,
to 270µmoll−1 in the Vistula (Table 3, Figs. 2–4). Artiﬁcial
and agricultural used areas range from 1% for the Lule ¨ Alv
to 81% for the Peene River (Table 3).
3.2 Annual patterns in nutrient and stable isotope data
Averaged monthly data from three rivers, the Vistula (Fig. 2),
the Oder (Fig. 3), and the Kemijoki (Fig. 4) show clear sea-
sonal patterns. Water ﬂows are usually highest in February
to April; the northernmost river, Kemijoki, has its peak ﬂow
in May. Nitrate concentrations co-vary with the ﬂow for
the rivers with high nutrient concentrations (Figs. 2–3), and
for the Kemijoki, nitrate concentrations peak before the ﬂow
(Fig. 4). This means that highest nitrate loads are delivered to
the coastal zones in late winter and early spring. Since nitrate
is the most abundant inorganic nitrogen form, the DIN/DIP
ratios in all the rivers are almost always above 16 (the Red-
ﬁeld ratio) and have highest deviations from the Redﬁeld ra-
tio in March through May (up to 189 was reached in the Vis-
tula River in January/February 2002). The δ15N-NO−
3 values
are usually higher in summer than in winter. PON concen-
trations have clear peaks in spring and summer (similarly to
POC, not shown), while their corresponding isotope values
have no obvious relationship to the PON. The δ15N of the
PON is not correlated with the PON loads.
Fig. 2. The two annual cycles for the Vistula River, July 2000
to June 2002. Water ﬂow as monthly means, nutrient data as
monthly means, based on biweekly sampling, with concentrations
ﬂow-weighted and isotope values load-weighted.
A comparison of all rivers reveals a similar variation
in δ15N-NO−
3 , with decreasing values from winter towards
spring and an increasing trend towards summer (except for
the Vistula, Fig. 5a). Here the development in the Kemi-
joki lags the more southern rivers. An amplitude as high as
8‰ was found in the southern rivers Vistula and Oder versus
only 3‰ in the Kemijoki. We measured up to 13.2‰ in the
Oder River while the Kemijoki had a δ15N value of −1.6‰
in winter 2000/2001 (Fig. 5a). In the Swedish river Lule ¨ Alv
we measured an even lower value of <−3‰. All other rivers
were in between these extremes. Differences between years
are also obvious with a clearer seasonal variation in the sam-
pling period 2000/2001 than in 2001/2002. A peak in δ15N-
NO−
3 in summer was detectable for the Oder, Peene, and
Paimionjoki, where we had the highest DIN loads among all
rivers investigated (Fig. 5a) and >40% of farmland. The Vis-
tula, while belonging to the same group of farmland domi-
natedcatchments(66%), hadalessclearisotopicpatternthan
the Oder, Peene, and Paimionjoki and no δ15N-NO−
3 peak
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Fig. 3. The two annual cycles for the Oder River from July 2000
to June 2002. Water ﬂow as monthly means, nutrient data as
monthly means, based on biweekly sampling, with concentrations
ﬂow-weighted and isotope values load-weighted.
in summer. The δ15N-NO−
3 values from the Kokemaenjoki
were highest in winter with only a slight peak in late summer
and are thus similar to those in the rivers described above,
although the catchments are dominated by 79% forests (Ta-
ble 3). Kemijoki and Neva River have considerably lower
load weighted δ15N values of −0.1 and 2.4‰, respectively.
The Kemijoki has small peaks before the actual spring ﬂow
occurs (Fig. 4). Neva δ15N-NO−
3 data show no seasonal pat-
tern (Fig. 5a) which may be due to a “buffering effect” of the
huge Lake Ladoga, located some 70km upstream from the
city of St. Petersburg (Kuuppo et al., 2006). Lake Ladoga
prolongs the residence of the water and receives precipitation
modifying the original isotope patterns in the catchment.
The δ18O-NO−
3 river data vary less with season than the
δ15N(Fig.5b), buttheVistula, OderandPeeneshowelevated
values in summer. The δ18O values are lowest in the southern
Polish and German rivers and in the Paimionjoki, and higher
in the Nordic rivers (Fig. 5b, Table 3). Values over 20‰
are only found in the Nordic rivers at relatively low nitrate
concentrations (<25µmol l−1).
Fig. 4. The two annual cycles for the Kemijoki from July 2000
to June 2002. Water ﬂow as monthly means, nutrient data as
monthly means, based on monthly sampling, with concentrations
ﬂow-weighted and isotope values load-weighted.
3.3 Statistical analysis
A principal component analysis (PCA) explained 94.8% of
the variance in the ﬁrst three eigenvectors and thus found
almost identity between pairs of rivers: Vistula and Oder,
Neva and Kemijoki and similarity between Kokemaenjoki
and Paimionjoki. The Peene River was slightly separate from
all others (Fig. 6). However, the ANOVA test showed that the
similarity between variables was rather complex, e.g. NO−
3
concentrations of the Vistula, Oder and Peene were indistin-
guishable, likewise the ones from Paimionjoki, Kokemaen-
joki, Kemijoki, and Neva. The PO3−
4 concentrations from
the Vistula, Oder, Peene, and Kokemaenjoki were indistin-
guishable and also for the other three rivers, Kemijoki, Neva,
and Paimiojoki. The identiﬁcation of two main groups of
rivers and separation of the southern rivers from the Nordic
ones was possible based on the isotope data of nitrate.
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(a) (b)
Fig. 5. (a) load weighted monthly δ15N-NO−
3 values from all except the Swedish rivers (b) load weighted monthly δ18O-NO−
3 values from
all rivers except the Swedish rivers.
3.4 Land use, isotopic composition of nitrate and source
attribution
The anthropogenic nitrate sources that are considered in the
following text are either from farmland fertilized with ma-
nure or mineral fertilizer summarized as mixed fertilizer, or
from sewage from septic tanks of private households and
sewage treatment plants (STP). The organic N-sources are
usually summarized as manure/sewage. Additionally, nitrate
from atmospheric deposition and from pristine soils is eval-
uated. Pristine, is deﬁned here as those soils/forests that are
not intensively used but may be affected by N-deposition.
There was a positive correlation between the load
weighted δ15N-NO−
3 values and the share of farm-
land/agricultural land in the catchments, as calculated from
GLC data (Table 4, Fig. 7), and a less signiﬁcant negative re-
lationshipwiththeδ18O-NO−
3 values(Table4, Fig.7). Forest
coverage also correlated with the annual mean δ18O data, but
positively. Other land use categories like wetland, bare land,
ice or snow were not considered in detail since they are only
relevant for the Nordic rivers. The IMM-1 results indepen-
dently conﬁrm that low δ15N values and high δ18O values
result from pristine nitrate sources, while the southern rivers
receive up to 80% of their nitrate from soils with mixed fer-
tilization and sewage (Fig. 8a). We also used a source emis-
sion model (EM) which allowed distinction between nitrate
from sewage/manure and mineral fertilizer and atmospheric
deposition (Table 4), but did not include pristine soil runoff.
Thus, atmospheric deposition was the only source category
included in both models. However, if we summed nitrate
from sewage/manure plus mineral fertilizer in the EM we got
an approximately 20% larger share of NO−
3 from agricultural
runoff than in IMM-1 (Table 4).
We then tested the EM results with an IMM calcula-
tion (IMM-2) using the end members mineral fertilizer,
sewage/manure and atmospheric deposition (Fig. 8b). The
calculation was done for the catchments with >50% N from
agricultural runoff in IMM-1. The IMM-2 results conﬁrmed
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Table 4. Proportion of nitrate from different sources, calculated using two isotope mixing models (IMM-1 and IMM-2), an emission model
(EM), and land use data from the Global Land Cover data base (GLC). For further explanation see text. n.a. = not available.
IMM-1 results IMM-2 results Emission model (EM) results Land use in catchment, from GLC
% N
from agri-
cultural
runoff
% N from
pristine
soils
% N from
Atm. Dep.
% N from
sewage
and ma-
nure
% N from
mineral
fertilizer
% N from
Atm. Dep.
% N from
sewage
and ma-
nure
% N from
mineral
fertilizer
(%)
% N from
Atm. Dep.
Agricult.
and artif.
(%)
Forests
(%)
wetland,
bare, water
(%)
Vistula 0.63 0.20 0.17 0.63 0.20 0.17 0.32 0.49 0.19 0.66 0.33 0.01
Oder 0.73 0.09 0.18 0.87 0.00 0.21 0.33 0.45 0.22 0.66 0.33 0.01
Peene 0.61 0.20 0.19 0.60 0.21 0.19 n.a. n.a. n.a. 0.81 0.17 0.02
Paimionjoki 0.58 0.23 0.19 0.53 0.29 0.19 0.11 0.29 0.60 0.42 0.56 0.01
Kokenm¨ aenjoki 0.47 0.29 0.24 – – – 0.19 0.45 0.36 0.11 0.79 0.10
Kemijoki 0.00 0.67 0.33 – – – 0.02 0.00 0.98 0.03 0.84 0.13
Neva 0.18 0.45 0.37 – – – 0.19 0.21 0.60 0.15 0.68 0.17
the IMM-1 calculation in that all rivers with high nitrate con-
centrations also had high contributions from mineral fertil-
ization and only 0 to 21% from sewage/manure. The percent-
ages for sewage/manure from the IMM-2 are well correlated
with the percentages of nitrate from agricultural land from
IMM-1 but less with the GLC estimates (Table 3, Fig. 9a).
For nitrate from atmospheric deposition, IMM-1 and -2 give
very similar contributions (Fig. 9b), since δ15N values of at-
mospheric deposition do not overlap with the chosen values
for soil nitrate after mineral fertilization. The N from pris-
tine soils, estimated with the IMM-1, gives percentages that
were between the ones from GLC data for forests and wet-
land/bare, respectively (Fig. 9c).
4 Discussion
4.1 Seasonal variation in the isotopic composition of river-
ine nitrate
Seasonal changes in nutrient and particulate matter concen-
trations in rivers are caused by variability in soil runoff and
discharge, and in autochthonous production and degradation
of organic matter (Battaglin et al., 2001). A number of stud-
ies have used isotopic data to attempt to unravel these pro-
cesses, and to distinguish them from source signals, which
can also vary (Chang et al., 2002; Harrington et al., 1998;
Mayer et al., 2002; McClelland et al., 1997). It is important
to evaluate how the variability of the source signals affects
the reliability of the calculated source attributions. We are
aware that it might be difﬁcult to fully disentangle the contri-
bution of various anthropogenic sources such as nitrate from
sewage vs. nitrate from diffusive sources due to a lack of
published δ15N and δ18O-NO−
3 data as end members. There-
fore, we discuss our results with caution when it comes to
the relative share of point sources versus diffusive sources
in the cultivated watersheds. However, this study aims ad-
ditionally to show large scale isotopic patterns relevant to
the Baltic Sea catchment and the adjacent major basins of
the Baltic Sea. Nitrate concentration is signiﬁcantly nega-
tively correlated with N-isotope values in the Oder (r=0.84,
p>0.001, n=24) and Vistula waters (r=0.46, p>0.02, n=24)
suggesting that biological fractionation during in-stream ni-
trate consumption is important. The fractionation effect is
know from laboratory cultures and the marine environment
(Montoya and McCarthy, 1995). The δ15N-NO−
3 data from
the Oder (Fig. 3) show this fractionation very clearly. Simi-
lar results are reported for sites in the agricultural Mississippi
River Basin (Chang et al., 2002). Isotopically heavy nitrate
may additionally be generated during denitriﬁcation when
river water inﬁltrates through soils (Grischek et al., 1997) or
riparian river zones (Sebilo et al., 2003). The sharp increase
in the N:P ratios in summer also suggest nitrate uptake until
phosphate limitation occurs. Denitriﬁcation and nitriﬁcation
in soils are effective around the year, especially nitriﬁcation
after fertilization with ammonia and urea compounds. The
latter process would lower the δ15N in the NO−
3 generated,
but usually uptake and denitriﬁcation raise the isotope val-
ues immediately so that isotope values rise with increasing
depth in the soil (Nadelhoffer and Fry, 1994). Therefore,
high δ15N-NO−
3 values in the rivers may result from nitri-
ﬁcation/denitriﬁcation transformation. Chang et al. (2002)
identiﬁed different N-sources by means of the isotopes val-
ues in river nitrate. They assume that isotopically heavy soil-
N in winter is from manure, and that mineral fertilizers in-
ﬂuence the soil-N signatures in spring. Although the Oder
and Vistula both drain catchments with up to 66% of agri-
culture land, it seems unlikely that much fertilizer N enters
the rivers directly. Usually the nitrogen is processed in the
soils before it enters a river. Livestock and septic tanks ef-
ﬂuents may add nitrogen rather directly – as do sewage treat-
ment plants. These sources are known to have high δ15N-
NO−
3 values of up to 14‰ (Aravena et al., 1993) or even
20‰ (Heaton, 1986). Isotopically heavy sources are respon-
sible for the overall high δ15N values in Oder, Vistula, Peene
and Paimionjoki and seem to further increase when biologi-
cal production e.g. phytoplankton growth starts.
The highest PON concentrations were recorded in sum-
mer, supporting an origin from autochthonous production in
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Fig. 6. Factorial analysis of all river data – except for the Swedish
rivers – performed with Statistica® ver. 6.
the rivers, but there was no clear relationship to the isotope
signal. This is to be expected when a variety of N-sources
reach the river, where assimilation and dissimilation pro-
cesses occur simultaneously (Battaglin et al., 2001; Kendall
et al., 2001).
Forests in northern Scandinavia are little affected by an-
thropogenic fertilization (Humborg et al., 2004) and presum-
ably leach nitrate from soils that have similar δ15N-NO−
3 val-
ues as in the case of rivers draining mainly forested catch-
ments in North America, where values <5‰ (Mayer et al.,
2002) and 2‰ (Harrington et al., 1998) are reported. The
Kemijoki, with a catchment of over 80% forest, has the low-
est δ15N values of all sampled rivers (load weighted mean:
−0.1‰). Furthermore, it has a positive relationship (r=0.42,
p>0.1) between monthly mean nitrate concentration and
δ15N. Since the nitrate concentration and the δ15N increase
almostsimultaneouslyuntilApril2002andthendrop(Fig.4)
there must have been a source of nitrate with low δ15N values
andlownitrateconcentrationsin April2002. Thiscouldhave
been nitrate from pristine soils or from atmospheric deposi-
tion. The increasing δ18O values also suggest nitrate from
snowmelt since δ18O-NO−
3 in snow from Greenland is re-
ported with 65–80‰ (Hastings et al., 2004) and from the
Rocky Mountains with 46–55‰ in the precipitation (Burns
and Kendall, 2002). Even a low contribution of NO−
3 with
these high values could easily raise our winter δ18O signal
of 14–15‰ to >26‰ in spring and simultaneously dilute
the NO−
3 concentration in the rivers. This is supported by
our ﬁnding of the spring ﬂow peak which coincides with in-
creased δ18O-NO−
3 values (Fig. 4).
Fig. 7. Agricultural land in the catchments from the GLC data
base over weighted monthly means of δ15N NO−
3 and δ18O-NO−
3
of the non-Swedish rivers. δ15N of Swedish rivers refer to total
N. Abbreviations are: Ke=Kemijoki, Ko=Kokemaenjoki, Ne=Neva,
Od=Oder River, Pa=Paimionjoki, Pe=Peene, Vi=Vistula River.
Although we ﬁnd the same negative relationship of NO−
3
concentration over δ18O-NO−
3 in the Vistula and Oder rivers
we assume here that 18O/16O fractionation during primary
production is the reason, since nitrate uptake fractionates
18O/16O in the same way as it does for 15N/14N (Granger
et al., 2004).
Seasonal changes in monthly concentration and isotopic
compositionswerealsoobservedintheriversKokemaenjoki,
Paimionjoki, Neva, Peene and the Swedish Rivers (Fig. 5),
butthosearenotdiscussedindetail. Nevertheless, signiﬁcant
differences exist among the rivers in annual mean isotope
values. Although the river isotope signatures change with
season, we show that differences in the annual mean isotopic
composition of nitrate can be related to land use (Fig. 7).
Annual means should be more reliable than measurements at
any single time of the year.
Ourhighestδ15N-NO−
3 andlowestδ18O-NO−
3 valueswere
recorded in rivers with catchments dominated by ﬁelds and
agricultural land. However, these catchments also have pop-
ulation densities >50 inhabitants km−2 and may therefore
be more affected by efﬂuents from STPs than catchments of
the other rivers studied. Both N-sources have high nitrate
(and potentially high ammonium) concentrations and con-
tribute to the in- stream DIN concentrations. They cannot
clearly be differentiated by the applied stable isotope meth-
ods. Sewage/manure can thus come from agricultural prac-
tices and STP alike.
4.2 Comparison of GLC based land use estimates with iso-
tope data
There is a highly signiﬁcant relationship between GLC-
derived estimates of agricultural land area and δ15N-NO−
3
(Fig. 7) which spans a range from −0.1 to 8.3‰. The same
relationship was found for a river system in Vermont, where
Biogeosciences, 3, 663–676, 2006 www.biogeosciences.net/3/663/2006/M. Voss et al.: Source identiﬁcation of riverine nitrate 673
Fig. 8. Ternary mixing diagrams based on the IMM-1 (A) and
IMM-2 (B) results (Phillips and Koch, 2002).
δ15N-NO−
3 values of 2.0 to 7.3‰ were measured (Harrington
et al., 1998).
Nitrate leaching from over-fertilized soils is known to be
high in δ15N for several reasons, as shown by Aravena et
al. (1993) and Chang et al. (2002). Denitriﬁcation raises the
δ15N in anoxic zones of the soils (Ostrom et al., 1998). The
nitrate isotope values increase with depth in the soil, sug-
gesting a sequestering and fractionation of nitrogen bearing
compounds with depth (Nadelhoffer and Fry, 1994). Min-
eral fertilizer is manufactured with a δ15N-NO−
3 of 0‰ (Am-
berger and Schmidt, 1987) but such low values are not found
at depth in soil (Nadelhoffer and Fry, 1994). Ammonia
volatilises under basic conditions and is fractionated, which
leads to increasing isotope values in the remaining NH+
4
(Flipse and Bonner, 1985). Values of δ15N>10‰ seem
therefore to be typical for the contribution of manure/sewage
from either animal husbandry or STPs (Aravena et al., 1993;
Fogg et al., 1998; McClelland and Valiela, 1998). Such ni-
trogen retains a high isotope value (even though the δ15N
is lowered when the compound is ﬁrst nitriﬁed), which is
further increased by subsequent processing (Kendall, 1998).
Therefore, not only the amount of fertilizer, but also the ve-
Fig. 9. Relative fraction of nitrogen from speciﬁc sources as calcu-
latedbythedifferentmodels, thegloballandcoverdatabase(GLC),
the isotope mixing models (IMM) 1 and 2, and the emission model
(EM) A) shows the fractions from mixed fertilisation given by EM
and IMM-2, runoff from farmland (IMM-1), and agricultural land
in catchments from GLC B) the N fraction from atmospheric de-
position and C) fraction of N from pristine land (IMM-1), forests
(GLC), and wetland, bare, water (GLC). Please note that the IMM-
2 run was only performed for the heavily fertilized catchments of
the rivers Paimionjoki, Peene, Oder, and Vistula.
locity of the downward water ﬂow determines the isotope
values of the soil water and the soil runoff. Our δ15N data
from the Oder, Vistula, Peene, and Paimionjoki are lower
than sewage/manure but considering the variability of the
isotope data we assume that this source and/or the soil runoff
from farmland comprise the major riverine nitrate sources.
The Kokemaenjoki has little agricultural land (11%) and
much forest (79%) in its catchments which is mirrored in
lower δ15N-NO−
3 (∼5.5‰) values. The forests in the Koke-
maenjoki and Kemijoki catchments can be regarded as near-
pristine, and they receive little or no artiﬁcial fertilisation.
Accordingly, the share of forest coverage is negatively cor-
related with δ15N-NO−
3 , a result also found in other studies
(Harrington et al., 1998; Mayer et al., 2002).
The δ18O values of nitrate from our rivers fall in the range
reported for the Mississippi River Basin (Chang et al., 2002).
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Ourannualmeansof12–13‰intheVistula, Oder, Peeneand
Paimionjoki seem to be typical for agricultural soils, while
higher δ18O values from Kokemaenjoki, Kemijoki, and Neva
(15–19‰) indicate nitrate originating from nitriﬁcation in
forest ﬂoors (Mayer et al., 2001) and/or a contribution from
the snow melt (Burns and Kendall, 2002). The δ18O val-
ues in NO−
3 generated through nitriﬁcation in the soils de-
pends on the water source δ18O (Mayer et al., 2001). Our
negative relationship between the load weighted δ18O-NO−
3
and agricultural land (Fig. 7) is consistent with this conclu-
sion. Furthermore, a plot of δ18O over the percentages of
forests in the catchments gives a weak positive correlation
(n=7, r=0.73, p<0.1). Bare land and open water only oc-
curs in signiﬁcant shares in the northern catchments and the
nitrate in the precipitation could have raised our δ18O-NO−
3 .
Thus, δ18O values are heavily inﬂuenced by land use prac-
tices in the southern catchments and by nitriﬁcation in forest
soils plus contributions from snow melt and rain in the north-
ern catchments.
We conclude that δ15N-NO−
3 values of 6–8‰ indicate
>60% artiﬁcial/agricultural land in the catchment, and that
>65% forests results in δ15N-NO−
3 -values <6‰. Soil pro-
cessing after fertilization gives δ18O-NO−
3 values of about
13‰, while values above 15‰ suggest a predominance of
nitrate from nitriﬁcation in pristine forest soils and melting
snow.
4.3 Comparison of isotope mixing and the emission model
Estimates on nitrogen sources – especially diffuse ones –
are urgently needed to guide management of river catch-
ments. Diffuse nitrogen sources include atmospheric deposi-
tion and soil runoff. Geographical information systems like
the GLC are widely used tools for such source attribution,
but independent tests of their reliability are rare (Deutsch et
al., 2006). IMMs are assumed to provide such independent
checks on land use data. For the IMM-1 calculation we con-
sidered only major nitrate sources, omitting minor ones with
shares between 13% and 0.01%, like surface runoff from ur-
ban areas, wetlands or lakes (Table 4, GLC data). We thus
distinguished three different major nitrate sources but can-
not consider fractionation processes. The GLC-derived pro-
portion of agricultural land and forests agreed reasonably
with the IMM-1 data for nitrate from agricultural land and
pristine areas, with r=0.83, n=7, p<0.02 for the ﬁrst and
r=0.76, n=7, p<0.05 for the second correlation, respectively.
Relative contributions from these three sources according to
IMM-1 are shown in Fig. 8a. IMM-1 model has an over-
all deviation to the GLC estimates of −16 to +26% for the
rivers with >50% N from agricultural runoff (Vistula, Oder
Peene, Paimionjoki) and deviations between −36 and +50%
for the three near-pristine ones. The model separates two
major groups of rivers – southern rivers and Nordic rivers.
In other words δ15N-NO−
3 of 6–8‰ indicates 60–70% of ni-
trate from farmland and/or waste water efﬂuents (Table 4,
Fig. 8a), which is consistent with the previous comparison of
GLC and IMM model data.
The EM model separated the source category fertiliser into
mineral fertilizers and sewage/manure and deviations from
the IMM-1 are between −18 and +18%. The IMM-2 model
calculations, with these two fertiliser types and atmospheric
deposition as nitrate sources (Fig. 8b), gave similar shares
to the IMM-1. One weakness of the IMM-2 model is that
the sum of mineral fertilizer and sewage/manure is close to
100% (Fig. 9a), which is questionable for Paimionjoki, but
ﬁts the estimate of nitrate from farmland and/or STP closely
for the Oder, Vistula and Peene. The IMM-2 model therefore
seems applicable only to highly fertilized catchments, where
a source attribution for different fertilizer types is meaning-
ful.
Model estimates of atmospheric deposition diverge widely
for the Nordic rivers and Paimionjoki, but agree better for
the other rivers (Fig. 9b). The EM model deviates most from
the IMM-2, presumably because it lacks pristine nitrogen.
We regard atmospheric deposition estimates from IMM-1 as
more reliable, since they compare well with GLC estimates
of nitrate emission from farmland and soils hardly affected
by human perturbations.
Finally, pristinesourcesinIMM-1werecomparedwiththe
GLC data for forest and wetland/bare/open water (Fig. 9c).
Again, the largest deviations were observed for the Nordic
rivers, with the same trend of pristine areas dominating the
northern catchments. We assume that the IMM-1 estimates
for pristine soils correspond mainly to forested areas with
some contribution of wetland and open land or lakes. We
have discussed this correlation between isotope values and
vegetation cover previously. It should be noted that nitrate
concentrations in rivers draining pristine, forested areas are
below 30µmoll−1, very low compared to Vistula and Oder.
5 Conclusions
IMMs are helpful tools for verifying land use estimates made
with other approaches. Careful interpretation is necessary
for catchments dominated by nitrate sources not well con-
strained. Large catchments with little anthropogenic inﬂu-
ence like the Kemijoki and the Neva (excepting the city of
St. Petersburg) in our study need to be addressed separately.
Variations of end members in additional IMM runs, like the
IMM-2 in this study, can be useful for differentiating the con-
tributions from different fertilizer types in catchments with a
high proportion of farmland. Additional isotope pairs may
be useful to differentiate between runoff from farmland and
sewage treatment plant efﬂuents. In pristine areas EMs are
not useful to apportion sources, unless they explicitly include
pristine nitrogen.
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